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)-- study of fabric-skinned, foam-filled cylindrical beams and an analytical/experimental
study of their bending properties.

Results of the studies show that a low-density polyurethane foam system that will
deploy within 5 seconds is practical to generate and to form into geometrically shaped
lightweight fabric bags. The foam exhibits good impact absorption pro•perties very
quickly after formation; these properties can be used to attenuate rapidly applied loads
of low to intermediate velocities. Finally, the fabric/foam composite beams possess

interesting structural qualities commensurate with the fabric and foam used in making
them. The analytical and experimental results compare very well. The analysis identified
several factors of the mechanics involved that must be included in calculations to pre-
dict the loading response of such composites.

lI

<1 I

41 1 SCURITY CLASSIFICATION OF THI1S PAGE(Ufmen Dots Enttered)
,-7Y Vr-

~ ~. 4.

, Al

*1~~ .j'Aj'



FOREWORD

§This research was conducted for the Air Force Flight Dynamics Laboratory, Wright-
Patterson Air Force Base, Dayton, 011. Funds were provided by Military Interdepart-
mental Purchase Request iTVIlPR) No. FY1456-78-00006 and MIPR No. FY1456-79-
00002. The Air Force Project Manager was Mr. S. R. Mehaffie, AFFDL/FEI'.

The work was performed by the Engineering and Materials Division (EM), U.S. Armiy
Construction Engineering Research Laboratory (CERL), Champaign, IL. Tne analysis
of (lie fabric/foami cylinder.i was performed by Assistant Professor S. S. Wang and A. Y.

Kuo of the Department of Theoretical and Applied Mechanics, University of Illinois

at Urbana-Chamipaign. Dr. Gi. R. Williamson is Chief of E10.

COL Louis J. Circeo is Commander and Direcier of CERL and Dr. L. R. Shaffer is
Technical Director.

Acce3ssloflF

VD0C TAI?

DA-S

FIT

i4 34

KU.



CONTENTS

DD FORM 1473 1
FOREWORD 3

LIST OF FIGURES 5

INTRODUCTION ............................................ 9
Background
Objective
Approach

2 EXPERIMENTAL WORK . .................................... 10

Design of the Experiment
Specimen Preparation
Testing

3 FORMULATION OF ANALYSIS ................................ 12

Linear Analysis of Cylindrical Composite
Beam Deformation

Local Buckling (Wrinkling) of Composite Cyinders
Post-Local-Buckling Behavior of Cylindrical

Composite Beams
Nonlinear Analysis of Cylindrical Composite

Beam Deformation

Incremental Element Stiffness Matrix Formulation
Stop-Iteration Solution Scheme for Nonlinear Analysis

4 MECHANICAL PROPERTIES OF FABRIC/URETHANE

COMPOSITE SKIN AND POLYURETHANE FOAMS .................. 23

5 RESULTS AND DISCUSSION .................................. 25
Accuracy and Convergence of Solutions
Prediction of Deformation and Local Buckling of Various

Fabric/Urethane Foamed Composite Cylinders
Effects of Shear Deformation

Core Stresses and Nonlinear Effects

Progressive Extension of Wrinkling and Compressive Zones
in Composite Sections

Additional Remarks

6 CONCLUSIONS AND RECOMMENDATIONS ....................... 29

REFERENCES 44
APPENDIX: ELEMENT STIFFNESS MATRIX k OF BEAM 45

DISTRIBUTION

4

:, ro

................. •............... .,• ........................... E• "....

4 4,n 1, . .. ..
_- *• . . .• 4 • . ,:•. ' • .. . .- , . .



FIGURES

Number Page

I Two-Foot-Diameter Beam Split Open 11

2 Charring of Internal Foam I 1

3 Test Beam I I

4 Foam Crushing by Loading Saddle 12

5 Strain Gauge Placement on Beam 12

6 Strain Gauge Detail 13
7 Bending of Beam Under Load 13

8 Deformation of an Element of the Deployable Fabric/Foam
Composite Cylinder 16

9 Deployable Composite Cylinder Subjected to Four-Point Bending 16

10 A Cross Section of Locally Buckled Composite Cylinder Element 20

S11 An Element of Deployable Composite Cylinder for Nonlinear
FEM Analysis 20

S12 Step-Iteration Solution Scheme 22

13 Tangent Stiffness Iterative Solution Procedure 22

14 Stress/Strain Behavior of Polyurethane Foams With Two
Different Densities 24

15 Test Case-Two-Dimensional Elastic-Plastic Deformation
of a Cantilever Beam 26

16 Deflection at the End of the Beam vs Increasing Load 27

17 Accuracy and Convc:gence of the Nonlinear FEM Analysis 27

18 Deflection of Central Plane (at z = 0) in Deployable 30
Composite Cylinder

19 Extension of Local Failure Zone and Shift of Neutral Axis 31
in Composite Section at z = 0

20 Distribution of ou in the Core of a Composite Cross Section 32
at z 0, P 1200 lb

21 Distribution of oz in the Core of a Composite Cross Sectiorn 32
at z O,P 16001b



FIGURES (cnnt'd)
U

Number Pop.

22 Distribution of oa in the Core of a Composite Cross Section
at z = 0, P = 2000 lb 32

23 Distribution of oa in the Core of a Composite Cross Section
at z = 0, P = 2400 lb 32

24 Deflection of the Central Plane (at z = 0) in Deployable Composite
Cylinder Subjected to Continuously Increasing Load 33

25 Extension of Local Failure Zone and Shift of Neutral Axis
in the Coa.posite Section at z = 0 33

26 Distribution of oa in the Core of a Composite Cross Section
at z = 0, P = 500 lb 34

27 Distribution of oa in the Core of a Composite Cross Section
at z = 0, P = 800 lb 34

28 Distribution of oa in the Core of a Composite Cross Section
at z = 0, P= 1000 lb 34

29 Deflection of Central Plane (at z = 0) in Deployable Composite
Cylinder Subjected to Continuously Increasing Load 35

30 Extension of Failure Zone in Skin and Shift of Neutral Axis
in a Composite Section at z = 0 35

31 Distribution of ou in the Core of a Composite Cross Section
at z = 0, P = 800 lb 36

32 Distribution of o, in the Core of a Composite Cross Section
at z=0, P= 1200 lb 36

33 Distribution of oa in the Core of a Cemvosite Cross Section

at z = 0, P = 1600 lb 36

34 Distribution of az in the Core of a Composite Cross Section

at z = 0, P = 2000 lb 36

35 Deflection of Central Plane (at z = 0) in Dep!oyable Composite
Cylinder Subjected to Continuously Increasing Load 37

36 Extension of Failure Zone in Skin and Shift of Neutral Axis
in a Composite Section at z = 0 37

37 Deflection of Central Plane (at z = 0) in Deployable Composite
Cylinder Subjected to Continuously Increasing Load 38

6 lI



FIGURES (cont'd)

Numbet Page

38 Ex tensi on of Fail n c it ,n in Skin and ShIl't ot Ne iiiral Ax is
ill a Colmposite Section at i z(=) 38

3') l elecii Ol t'CUtNil alane (at 0 ) in' Deployable ('omposkei
C viii'de r Sli ject ed to ('til in ti sl y Inc reasi Ig Lonad 39)

Ll 40 E~xtenision of Failunre Zone ~in Skini and Shil I ot Netii iat Axis
in a Comnposite Section Ai z = 0 P

41 IDistribution of u., in the (Core of a Composite Cross Section
at z = 0. P= 60 lb 40

42 D)istribution of a, in the Core of a Composite Cross Section
at z = 0,P =100lb 40

43 D~eflection if' Central Plane (at z 0) in Deployablc Composite
Cylinder Subjected to Continuously Increasing Load 41

44 Extension of Failure Zone inl Skin and Shift of Neutral Axis
in a Composite Cross Section at z = 0 41

45 D~istribution of o,. in the Core of a Composite Cross Section
at:ý=0,P= 150th 42

46 Distribution at' , in the Core of a Composite Cross Section
atz =0, P =250b 42

47 Deflection of Central Plane (at z = 0) in Deployable Composite
Cylinder Subjected to Continuously Increasing Load 43

48 Extension of Failure Zone in Skin and Shift of Neutral Axis
in a Composite Cross Sectioi at z 0 43

97
?



INVESTIGATION OF RAPIDLY DEPLOY- Recent development of strong aramid fibers has led
ABLE PLASTIC FOAM SYSTEMS -OLUME to the selection of Keviar* fabrics as one of the most
II: NONLINEAR DEFORMATION AND iumouiiing candidates fur the skin construction because
LOCAL BUCKLING OF KEVLAR FABRIC/ of its excellent combination of mechanical, thermal,

POLYURETHANE FOAM COMPOSITES and corrosion-resistant properties. Advancement of
the fast-foaming technology of high polymers for
structural applications has made polyurethane a very

* attractive mateia' for achieving the desired fabrica-
INTRODUCTION tion process and structural performance. In fact, it

has been reported that, when proper mixing and

Background injcction are ihttrolliced, polyuiethane foams can be

Recent development of deployable, lightweight, deployed into a desired structural geometry within a

high-strength composites has generated significant few seconds.

interest in their potential apphcations in aerospace Since the foam-filled, tI'in-skin composite structural
structures, such as the ground impact attenuation members ;•re const-ucted differently from those of
system in the recovery technology of aerospace conventional ionojlithic and fiber-reinforced compos-
vehicles and in-oibit construction of large space ite materials, some fundamental difficulties have been
structures'• the composite consists of' a low-density encountered in the study of tile behavior of the fabric/
fast-deployable structural foam as the core and a thin foam composites. These include excessively large
f:-bric/resin skin. shear deformation of th'v section, local failure of the

thin skin by wrinkling (or local buckling), and highly
Extensive studies of several composite systems Fl nonlinear response and creep behavior of' the soft

this kind have been conducted by the Air Force Flight polyurethane foam cort. These difficulties provide a
Dynamics Laboratory and the U.S Army Construe- gre at challenge in the design and analysis of the thin-
tion Engineering Research Laboratory (CERL)2 . skin, foamr-"illed composite structures and need to be
Many diverse aspects af the material system have been fully investigated for future applications of the coin-
thoroughly examined, ranging from the chemical posite.
formulation of polymer foams and fabrication proces-
ses of composites to prototype testing of composite Objective
structures. Fundamental concepts of fabrication, The overall objectives of this study were:
Jesign, and testing of the composite structure have I. To reduce the operating time of a deployable
neen reviewed? The composite uses the most pro- plastic foam system to 5 seconds, to develop a mixing!

minent properties of the fabric material and the dispensing system for the foam, to evaluate a range of
space-filling foam, so that optimum performance geometric shapes obtainable with the foam, and to
may be achieved. evaluate the stress/strain characteristics of the foam

1T. Hlagler, "Building Large Structures in Space," Astro- at various times during the foam curing process.
nautics and Aeronautics, Volume 14 (1Q76) pp ,5'-61; M. . To evaluate the pemformance of a high-strength
Card, "Trends in Aerospace Structures," Astronautics and fo
Aeronautics, Volume 16 (1978), pp 82-89; S R. Mehaffie,

"Foam Impact Attenuation System," to appear in AIAA mire experimentally and analytically the roles of each
Proceedings (1979). component of the composite material as a potential

S. R. Mehaffie. State of the Art of Impact Attenuation structural material.
Concepts for RPV Applications, AFFDL-TR-76-51 (WPAFB, The objective of this volume is to present the
1976); SR. Mehaffie. Investiga.in ofo a Deployable Polv-
urethane oanm Ground Impact Attenuation System for experimental and analytical study of deforma.ion and

Aerospace Vehicles (PIAS Tests # 1-48). AFFDL-TR-78-145, local failure of' polyurethane foam-filled, thin Kevlar/
Volume I, (WPAFB, 1977); S. R. Mehamf'e, Inpestigation of a urmthanc skin composite cylinders subjected to trans-
Deployable Polyurethane Foam Ground Impact Attenuation verse loading (four-point bending).
System for Aerospace Vehicles (FIAS Tests # 49-91). AFFDL-
TR-78-145, Volume It (WPAIB, 1978); A. Smith, Investiga-
tion of a Minimum Time Foam Deployment System, draft Aproach
Technical Report (CERL, 1979). Chapter 2 describes the experimental procedure. In

3S.R. Mehaffie, "Foam Impact 4atenuation System," A Chapter 3, methods of analysis for studying linear and
1Collection of Technical Papers, AIAA 6th Aerodynamic Decel- nonlinear behavior of the composite cylinder are pre-11 erator and Balloon Technology Conference. Houston, TX,
March 5-7. 1974. *Dupont register trademark for Aramid fibers.
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sented arid the local buckling criterion during coin. The beams were made without external formwork.
posite deformation is derived. Both pre-local-buckling The fabric skin defined the beam shape. In the case
and post-local-buckling responses of the beam are of the I-ft (0,3-r,)-diamneter cylinders, the beamswere
examined. Results obtained from the analyses are very uniformly circular in cross section. The largtr
compared with experimental data and are given in beams were somewhat elliptical, being about 4 in.
Chapter 4. Their implications on the performance of (102 mm) less in height than width. The small (6 in.
the composites are discussed. Effects o." different 10.15 mn) beams were circular in cross section.
fabric/urethane skins and foam mnaterials are studied. The I-ft (0.3-on)-diameter beams were made first.
Emphasis is placed on determining the significance All the necessaiy materia! for the foam for each beam
of' transverse shear deformation and nonlinear coreawas mixed in a single batch and poured into the formresponse after local buckling of the Lomposite skin. at one end. The opening in the form for entry of the

foam mixture was zippered so that it could be securely
closed during the foaming process. A small air vent was

2 EXPERIMENTAL. WORK provided in each end to allow air inside the form to
escape. Two beams of each iabric weight and each
foam weight were made.

Design of the Experiment
Cylinde:s were selected for study since they repre- The 2-ft (0.6-ro)-diameter beams were made in the

sent the simplest structural shapes to make without the same manner as the I-ft (0.3-io)-diameter beams.
use of elaborate molds or fornm. They can be tested except half the required material was tnL•ed and
in flexure to evalLt~e the function of each material poured into each end of the fabric forms. The lower

component. It was recognized, however, that cylindri- density foarn beams were made first and the elliptical

cal beams are not optimum shapes in a structural sense. cross section mentioned previously was noted.

About 30 minutes after the end of foaro expansion
Two high-strength fabrics wede selected for the in the higher density foam beams, the first beam

study. Both were woven of' aramid fiber and cpated exploded. One seam was split completely from end to
with polyurethane elastomer to reduce porosity. The end and both circular end seams were split about two-
lightweight fabric was Kevlar 29 and the heavyweight thirds of the way around (Figure 1). Shortly before the
fab:il was Kevlar 49*. The aramids have a very high explosion, iviternal temperature was noted to be at
modulus of elasticity and high tensile strength. 375OF (190'C) and rising. The vast amount of heat

Two densities of polyurethane foams were selected. generated could not escape and caused a combination
A 2 lb/cu f't (32 kg/ni3 ) and a 4 lb/cu 1t (64 kg/mi3 ) of softening of the foam and thermal expaasion of
foam were to be used in combination with each fabric both the foam and the blowing agen, within the cells.
weight. The use of the 2-ft (0.61-m)-diameter beams was

abandoned because of the poor shape achieved and the
Two diameters of cylinders were used in the study. excessive heat caused by the section thickness and

The original plan was to use 1- and 2-ft (0.3- and quantity of foam being reacted, The ruptured beam
0.6-m)-diameter beams to vary the beam section. showed extensive charting in the foam (Figure 2).
When it was found that.heat generated in the larger
beams by the foam caused damage, 6-in. (0.15-m)- The 6-in. (0.15-m)-diameter beams were made
diameter cylinders were used. without incident.

Specimen Preparation TestingTpecyim ndPreparato werThe beams were tested in flexure by a four-point
The cylinders were made by hand mixing pre- loading method. The reaction points were placed 6 ft

weighed batches of foam materials and pouring them (1.83 m) apart and the two load ,oints were evenly
into the sewn fabric forms. The expansion of the
foam filled the forms. The seams of the forms were(061 ) fro thearranged sof t ththey were along th e sides of the beams reaction points. Figure 3 shows the loading arrange-

ind would not interfere with the loading. The top of ment used with all of the test specimens.
each beam was identified so that load application Load spreading saddles were fabricated to use in the
would be parallel to the direction of rise of the foam. tests to prtevent local crushing (Figure 4). The load

bearing test set was designed to simulate an antici-
*Kevlar 29 znd Kevlar 49 are Dupont registered trade- pated service loading caue in which two cylinders

marks. would be in contact perpendicular to each other. The
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Figure I. Two-foot-diameter beam split open. !.igure 2. Charring of internal foam.

ii

L\.Figure 3. Test beam
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saddles were 3 in. (76.2 mm) wide and conformed
to the shape of the foam/fabric cylinders halfway
around their circumference. There was some crushing 7

of the foam by the saddles, especially in the lower
density foam, but the effect was minimal. The effect
of the saddles on the bending moment of the beams
was considered negligible.

The equipment used in the test used a servoram
with a 6-in. (O.15-m) travel. Strain gauges mounted
on the fabric of the 1-ft (0.305-m)-diameter beams
(Figures 5 and 6) failed to provide significant strain
information. Ram stroke was recorded to provide
deformation data. In all except one case, the beams
bent to allow full ram travel. Figure 7 shows typical
bending of a test beam. The lightweight fabric with
the higher density foam failed by fracture within the
"4constant moment" portion of the beam between the
load points.

3FORMULATION OF ANALYSIS

The polyurethane foam-filled composite beam
studied in this investigation is shown in Figure 8.
The composite structure has a very intriguing combina-
tion of physical properties. It is light, stiff, strong,
provides excellent impact resistance, and can be shaped

Figure 4. Foam crushing by loading saddle. efficiently. The skin is a thin-layer composite consist-

Figure 5. Strain gauge placement on beam.

12t 11
A'1;4 A 4



Figure 6. Strain gauge Met 1.

Figure 7. Bending of beam under load.
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ing of high-strength Kevlar fabric and polyurethane e, Co____resin. However, it has a relatively low resistance to [E2a

compressive stresses and can lose its load-bearing dz
capacity due to local buckling. The core is rather soft and
and deforms readily under stresses. Since the skin y*
yields less readily than the core foam, almost all tensile * =sin- din [Eq 2bj
and compressive forces initially are taken by the
fabric/urethane skin, very little force is by the core, where i* and dm are defined as
which acts predominantly in shear. As the external
load increases, local buckling occurs in the compressive dI[
part of the skin. The core starts to take more and more K* = K - an dm = (do + di) [Eq 3]
compressive and shear stresses and deforms nonlin-

early, in which di and d. are the inner and outer radius of

The major difference compared to the analysis and the skin in the composite, respectively.
design of conventional structures is the need to
account for the significant amount of shear deforma- The resultant axial force N and the resultant bend-
tion and the highly nonlinear response. Shear deforma- ing moment M acting on this section can be calculated
tion in conventional structures is generally very small by
and is usually neglected, and properties of the materials
are little affected by sustained load. In the foam- aO
filled, thin-skin structures, not only is the shear defor- N fJ2 E cs)(eo.i*y)r dr dO

ination appreciable, but the nonlinearity of the core o.-!
and the local buckling of the skin show tremendous 2
effects on the load-bearing capacity of the composite. do

The analyses developed in this chapter are to take these + f di ES)(eo-K*y)r dr dO
effects into consideration and to provide a means of ,r-O0 2
predicting the performance of the composite beam. It
will be shown that in the nonlinear range of deforma- di
tion, the situation is so complex that a numerical +f-2-Et')(eo-P*y)N/d--4y2 dy
technique is required. The wrinkling load in the com- .

pressive region is derived to determine the local failure
of the thin skin. Deformation of the composite beam o
after local buckling is further analyzed using a non- +/d4y2 dy
linear finite element method. 2
Linear Analysis of Cylindrical [Eq 41

Composite Beam Deformation and
In the early state of loading, small deformation in

the linear stress/strain range of the foam material is
generally observed. Consider a differential element, dz, M E(')(eo-K*y) y r dr dO
of the composite beam with a circular cross section as 2
shown in Figure 8. The classical Kirchhoff's plane-
remain-plane hypothesis is assumed in the compositej 2E_+O* y 2beam deformation. The axial strain, e, at any depth y _ yr

from the central axis of the beam can be expressed by 2 t.

e = eo - y + Y [Eq 1 + 2 E (') (eo- K*Y) y -,0. -4y 2 dy

where eo is the axial strain caused by stretching, ic
is the curvature of the deformed central plane, y = 0, d,

"and 3 is the angle of shear deformation of the plane. + 2E f)(Ceo.K*y) y /d42 dy
The neutral axis and the angle 0* associated with the _

axis as shown in Figure 8 are, therefore, located at [Eq 5]

• • . ,s•14
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where E is Ehe Young's modulus, thie superscripts (s) The shear deformation of the composite beam may be
and (f) represent the modulus associated with the thin- evaluate' by considering that all the shear forcc is
skin composite layer and the foam core, respectivcly, taken by thie core, since the cross-sectional areat of the
and hie subscripts c and t rcfer to the modulus in thin comp-psite skin is much smaller than that of the
compression and tension, respectivi y. core (tfdi-O [lIO--J)

Carrying out the inmegration in Eqs 4 and 5 - M[Eq 101
GFT)A dz

N =C.,I'qo + C12 K* [Eq 61 whete G(r) and A are the shear modulus and cross-
sectional area of the foam core, respectively, and k

M C II eoIC; K[Eq 1 i a conycrsion numerical factor having the value of 4/3
M C, e0I- 2. K [E 71 for a circular cross section as suggested by Mindlin.

* I whereSince tne linear deformationi of the composite beam

C1 1  E~(~d1 )+ ~(E~J + d~w(z) can be related to bending moment M by

4 c ., m m whr 8 stebnigrg~i ftecmoieba
Ný,Z (w V [Eq Ia deIe]a

C2 y* + 2y ý_z + d.6

- dm m ' wherbea canth bendingreclgotindiby inthegrapostin beqa1

(Eq 8a] Meie 16s

and ~ )d-d)+2 1(~t)+Ec) wZ [dffzf +(do di G(F) [Eq 121

(E~f) - E~f (11 sin-deflrte cti eon w ,(z )=Ef (fcan be cacuaedexc ly cio as
tht shoam ben note thattl bendineg and stretchingg areI

tesind An coprsson tha isGi f=E)

3

an 12 (Eff - E(' (d.1-4y *) I[Eq 8c] 2o a fouEqin bedn1rolmo acruarcos
Mt

0 [Eq sectLoal Bckig(rnlg)oComposite Cemylshw i indrersth

C, Whdeflcin he) thin bki composited bexamtl assbetdt
Itbndn andiL trnves loading nouhaotl dedngadsteci- r

cuslding the fundmentale beam dequ ration, the r hesutn triut ' axia coprssv and teslLtese cu

shaear fore ar acingeront Fcros semlcityo canou beobtane

of onerliy Fthue fotion of asosrmpi Elati bete, isotropic inf
teso [Eq copesin thatie Mecha it'. '!olum 18=5) pp 3-3

E~f, henth coplng ffctdisper.33z2PI
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KdzASd
Figure 8. Deformation of an element of the deplovable fabric/foam composite cylinder.

Ay

Figure 9. Deployable composite cylinder subjected to four-point bending.
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in addition to transverse shear deformation. The axial bending occurs in the middle section of tile span
compression and the transverse shear deformation in between z = -L/2 and z = L/2. The maximum corn-
the composite may introduce local buckling (or wrinkl- pressive stress umax occurs at the point (x = 0, y
ing) of the composite skin in which the transverse of any section in the middlenonreal stiffness n~ay play an e"sential part. This local 2!

buckling phenomenon is a form of instability assoc- value

iated with short waves of skin deformation, which m dz do [
under a compressive load may be either symmetrical -max = E(s) co- (K-ýzz) L. [Eq 161
(out of phase) or antisymmetrical (in phase) with
respect to the center plane of the core. The wrinkling The pure bending condition in the midspan of the
is very pronounced and is of special importance for
sandwich composite construction having a continuous cylindrical beam implies

low-density core material such as the soft polyurethane
foam. Local buckling of the beam results in the loss of 0 [Eq 171
load-bearing capacity of a part of the thin composite dz

skin under compression, while the overall structure is and
still capable of taking external loads. The load-carrying PL
cross-sectional area of the composite member progress- - [Eq 18
ively reduces as the wrinkling in the Kevlar fabric/
urethane skin develops when external loading increases
continuously. Thus, the critical external force Pb at which local

buckling of the composite skin occurs can be shown
to have the following form

For a very thin-skin cylindrical composite beam
(t/di < 50), the approximate method originally
suggested in Williams' is applicable to the present 1.52Z [G(3E(fE(S)] [ 1
problem. By evaluating the total potential energy of Pb [Eq 19]

the system (i.e., bending energy of the skin, strain
energy of the core associated with the normal and Post-Local-Buckling Behavior
transverse shear stresses, and the potential energy of of Cylindrical Composite Beams
the external load) and nsing the standard minimiza- When the composite beam is subjected to a four-
tion procedure f'om an elastic stbility problem, the point bending load, local buckling generally starts in
critical wrinkling ,tress ob can )e etbtained by6  the uppc¢r surface (x = 0, V = 2 ) of the filled cylinder,

-- w•ere the compressive stress is maximum and reaches
S-0.76 G E ['Eq 15] lthe local buckling stress ub as discussed in the pre-

vious section. As the external load increases, a larger

% Local buckling will occur and its effects should be portion of the composite skin undergoes compressive
considered in the deformation of the composite stress exceeding ob; thus, the wrinkled area progress-
beam when maximum compressive stress in the beam, ively increas.•s. While local buckling in a composite
corresponding to an increasing external loading Pb, skin continuously extends to a larger dimension, the
reaches this value. nonwrinkled part of the section can still take furtherk' increasing loads. In the analysis of post-buckling

Consider the present four-point bending problem deformation of the composite beam, it is convenient
of the composite beam as shown in Figure 9. Maximum to divide the deformed cross section area into three

distinct regions (Figure 10): (1) wrinkled portion in
"the skin (y > Yb), where load-bearing capacity of the

I'• ;skin has been lost entirely; (2) the active compressive
5D. Williams, Sandwich Construction--A Practical region (Yb > y > y*), where both the skin and the

Approach for the Use of Designers, RAE Report No. Struc- core are subjected to a compressive stress - (I
tures, 2, M. 2466 (1947). lobI) with E,(') = E(s) and Ec(r) = 01); and (3) the

6 A. C. Eringen, "Buckling of a Saindwich CyUnder under region under tensile stresses (y < Yb) where Et(s)
Uniform Axial Compressive Loading," Journal of Applied E(s) and Et(f) = Of). The iesultant axial force N and
Mechanics, Volume 18, No. 2 (1951), pp 195-202. the resultant bending moment M can be evaluated

17

'T'



simniarly to those in Eqs 4 and 5, except the first term E dd
in the right-hand side of Eq 4 is replaced by C22 = d + -(d - d,)

10 E(so2 ) (co - oK'y) r dr dO ýt y~l 42)+ sin" yb2yb(d2- 4y)

2 d, dm
E(S) [(Ob - 0*) (dz, - d? )e [Eq 24c]

Solving eo and x* from Eqs 23a and 23b, the post-

+ E(s) L1 - d3 ) (COSOb - c05*)K buckling deflection w(x) of the cylindrical composite
+ --- 2-0** beam can be calculated by

[Eq 201

where w(x)=K* )d

~b If Yb ]Ssin' (do)2 [Eq 21aL -16 PL

and 3ad? G( f)  2
+

Yb= eot1K Eq 2lb -16 P(IL-Z) L 3EYs eo 2 L z L

3 7r dG(-) 2 2
and the first term in the right-hand side of Eq 5 is [Eq 251
replaced by

It should be noted that nonlinear deformation of the

fOb ~do/2 soft core usually occurs after local buckling of the
-2 f E(') (eo - ' *y) y r dr dO composite skin. Thus, the nonlinear constitutive rela-

di /2 tion of the core material should be included in the
post-buckling analysis. A highly nonlinear governing

CA() 3 differential equation is therefore obtained. It can be
12(d - d (COS9b - COS0*)eC solved only by the numerical methods discussed in the

next section.
E~),4 d4. r ,l

+ 6-4- (d - d )10b - 2 - !(sin20b - sin28*)] K* Nonlinear Analysis of Cylindrical

Composite Beam Deformation
[Eq 221 The rigidity of polyurethane foam in the core is A

much smaller than that of the load-bearing Kevlar
Thus, one obtains the following expressions: skin in the deployable composite structure. Core

deformation in the foam-filled cylinder under trans.
N = C I e. + C12 K* [Eq 23a] verse loading is observed generally deviating significant.

ly from linearity, especially after local wrinkling of
D4= C21 el + C22 K* [Eq 23b) the skin starts. To understand the nonlinear behavior

better and to obtain realistic quantitative results for
where design and comparison purposes (with experiments),

it is necessary to include the post-yielding behavior of

.E(s) ( 
2 yn 1 the foam material in the study and to conduct a non-

Cl= (d- d?)[i + 2sin" J linear analysis of the problem. In the nonlinear range

(E 2a1 of composite deformation, governing differential
S[Eq 24a] equations become nonlinear and considerably more

complicated than those of the linear case. Numerica.
I methods such as the finite element analysis are prc.

C, 2 =C21 Edm (d° - d?) (dLm - 4yg) 2  ferable. Other complications, such as local failure ut
the skin by wrinkling and shear deformation can alho

[Eq 24b] be incorporated easily into the formulation.

18
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Consider material nonlinearity of the foam by or
expressing its constitutive equation in a power law
form as core deformation exceeds the yield strain 6o =C Se [Eq 30bi

[E(f) e lil < 0.02 where
o(f) = A(E - 0.02)n e > 0.02

[-A(ie + 0,021)" e <-0.02 [Eq 261 C1, E= ())-d?) + 2 sin-' dm]

where the coefficient A and the hardening exponent n
L can bc determined from experiments. The Keviar f - 4

composite skin is assumed to deform linearly in both +y Ef) d dy
tension and compression until failure. Thus, the in-
cremental skin and core stresses 8o(') and 6o(f), can Yt

be written as + d, nA(e-0.02)"'1 ,/-d.-.4y2 dy
2

-0(-) E(s) (8e, - y 8 c [Eq 271 di

and - . + 0.021)n-, vdi-4y2 dy

*E() (8F,, - y 8 K*) Yc <Y <yt [Eq 31al

60(f)=nA(e-0.02)"' (Se.-y6K*) yt <y<-

-nA(le + 0.021)"t (Se° - y S K*) < y <Y, C1 2  C 2 -- 1 E(") (d°-d)v /d'-ay,2d

[Eq 281, f Yt
-d, nA(e-0.02)n-i Y V~d -4Y2:W dy

where y, and yt are planes in a section at which local y

compressive or tensile strains reach its yield strain di

(ey, = ±0.02). The corresponding incremental resultant r i

force SN, bending moment SM. and shear force 8v can + nA(le + 0 .0 2 1)"' y %/d;-4y2 dy

be obtained by

SN= So dA [Eq 29a] [Eq 31b]
•"JA

SM= fyeodA [Eq 29b] 4_ -' () 4  rl yL_ 2yb Vd ,, 4 Yb
fA I E(s)d 0-d)(+sin-

;:' ~ ~ ~ ~ ~ ~ ~ ~ 6 1S = -y0dA [q2b 2= (dd)(2 +sn2Ydm d2m

and SV=G(') A 53 [Eq 29c] y 4
S+ E Mr d-2i-4y2 dy

Incremental Element Stiffness Matrix Formulation
In the formulation of the nonlinear finite element + ftnA(e-0"02)n' 4 y2 dy

analysis of composite beam deformation-consider a

cylindrical beam element (Figure 11) subjected to
incremental loading-the stress/strain relation can berdi
written as _f2

- j nA(le + 0.021)n-' V y 2 dy

8N C11 C12 0 ,,e [Eq31c]

Ism=C C2 1 C22 * and

8V 0 0 C 3 3  60 [Eq 30a] C 33  1G(f) A -nd; G(r) [Eq 31d]

L1 . ~'777



Y 4

di 12

Figure 10. A cross section of locally buckled composite cylinder element.

The strain-displacement equation, by definition, has
the following form

dI6, 4i0 0 u

1* 0 d" d

I... 0 0 [Eq 321

I

II-- . . . . .. ,I £--Qq [Eq 33l i
=~ ~ --a - - a - -- - - - -4

- , ,." ' 4I where D is a differential operator. Introducing inter-

polation functions (linear for u and #, and cubic for,:
Figure 11. An element o• deployable composite w), the displacement u In an element may be expressed "

cylinder for nonlinear FEM analysis. by element nodal displacements q

A, A- --- - - -. - - -



incremental arid iterutive procedures for solving the
W14

W
1  

material nonlinear problem. The overall procedure
0 0 is shown graphically in Figures 12 and 13. The load

() 0 -3t1 + 2V)tq;~-fý 0 t 3-2t) '~t) o is divided into niany increments or paidal loads and is
() l~) ~W 2  applied one increment at a time as shown in Figure

0 0 1 _t 0 0 0 @2 12. Within each lood increment, a tangent-stiffness
iterative procedure" (F-gure 13) is useu to determine

or[Eq 341 the true solution.

I.. [q 35JThe final solution after n steps of increments is
equal to the summation of all incremental solutions.

whee ~= zQ: isthelenth f te eemet; nd 1, This mixed-mode solution s-,henle can be described
wi 31, , (i = 1,2) are defined in Figure 11. Thus, one mteaial stefloig h odQ fe

obtin application of the ihincrement, isgiven by'

~Q 2,36 4i9Q- [Eq 411

where

B DR [E.1 371 An increment to the displacements qj aster nth
itelton can be computed by

Following the routine procedure of the variati,.linal I
principle of mninimumn potential energy, the element &I Aq.n =QQ, ) - I ~"
stiffness matrix k during an incremental loading qtep[E42
can be shown 7 to luve the form E42

where (, )is the load equilibrated after the pre-
K J B'CBdz [Eq 381 vious cycle, and K10~), the stiffness of the nth cycle, is

0 usually chosen by the tangent stiffness matrix at the
end of the previous, i.e., the (n-l)th iterative step.

and thc loading vector Q is defined as Thus, Eq 42 becomes

[Eq 39 Eq 421

wher suersrip T rprcc ns te trr~soseof he otal displacements after ntli iteration during a load
:isocitedhin ix, inc tl~ ~~Ik It~hc t~ exeriul incremient (Qt+, i- Q1) are comipu'ed from

loads is

q ) !() 2 Aqim I Eq 441
W=F, u1 + PIWI+ M 1(O Al + --U2 +P2 W2  m

+ M2(2 -2 [Eq 401 the load necessary to maintain the displacementMO0 Th curn eulbatdla "i vlutda

Eqs 38 and 39 -~re used directly in a mixed-mode b
solution procedure for the nonlinear analysis of the !n() = BC d j 3
composite cylinder. .- id [q 3

Step-iteration Solution Scheme for Nonlinear Analysis This iterative procedure is repeated until the incre-
The present solution scheme uses a combinhtion of ments of displacements or unbalanced loads become

7C.nzS. Method and J. F. Abel, Introduction to the Finite zeo ie, q() r(QiQ - )sfcenl
EleentMetod(Van Nostrand Reinhold Company, 197?). C. S. Des1.
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Q j.

QI+j

QI

qq

qj-1 q1  qj~1

Figure 12. Step-iteration solution scheme.

Q i+ l K.. . . .

K KI'K

Qi q

q
q-Iqj qj qj

Filgue 13. Tangent stiffness iterative solution procedure.
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close to null according to sorie preset criterion. The for the Kevlar 29 and KevlAr 49 fabric c'mpos!te .kins,
total displacements after ith ineremncots of loads are respectively. These material pruperties will be used
calculated by directly !n the presnt analysis.

q I =,, + Z q) [Eq 461 ~1A contiast tc the ductile nature of certain
p~~ymers, the polyumethane foam core tends to exhibit
brittle behavior and has very low strength in tensile.

Then additional incremental load (Q,+- - Qm+ I) is tHowever, in compression, the foam has constitutive
added and the similar procedure is repeatv I ntil the behavior similar to ductile polymers with an apparent
applied load level is reached, yield stress, large elongation, and relatively high

ultimate tensile strength. The apparent yield stress is
considered generally to be related to the collapse of
the cell structure in the foam. Although several

MECHANICAL PROPERTIES theories for evaluating the elastic modulus of the floan
4 OF FABRIC/URETHANE COMPOSITE have been proposed, the Kerner equation and the

SKIN AND POLYURETHANE FOAMS modified H-alpin-Tsai equations"0 seem to give the
most favorable rcsults when compared to the experi-
ments. For the low-density foams used in this study,
elastic moduli of the foams have b-en found to be

tligh modulus, high-strength Kevlar aramid fibers related to the density of the foam by a linear relation-
offer an exteremely desirable performance which is ship.
well suited to the construction of a wide range of
engineering components and structures using advanced Figure 14 shows the experimenally determined,
fiber-reinforced composites. The use of Kevlar fibers static stress/strain behavior of two kinds of polyure.
in the form of fabrics and fabric composites has been thane foams with different densities (2 and 4 lb/cu
relatively new. Fabrics of the Kevlar aranid have been ft [32 and 64 kg/mi3 ]). The nonlinearity in the figure
found to possess similarly attractive properties such as is quite obvious as strains exceed 2 percent. For the
high strength; !ow weight; good dimensional stability; convenience of the analytical development, the experi-
excellent tearing, cutting, and fatigue resistance; mental data were fitted into continuous curves by a
thermal stability- and flame resistance. Thus, the best least-square, curve-fitting technique to give con-
fabrics are uniquely qualified for a variety of special stitutive equations. In the elastic range of fouam defor-
load-bearing elements in engineering applications of mation, Young's moduli of the foams have been deter.
the material such as ballistic protection niaterials, mined to be 850 psi and 2400 psi (5.86 X 10' Pa and
inflatable structures, and the impact attenuation 1.65 X 10' Pa), respectively, for the low and high
system in aerospace vehicle-recovery technology. The density foams, In the inelastic range, the constitutive
strong skin of the fabric/foam composite structure is relations of the foams have the following forms:
made of a thin layer composite consisting of Kevlar
fabric and polyurethane resin. Two kinds of commonly = [48. + 260. (lel-0.02) 0 .7 sgn(e)
employed aramid fibers, Kevlar 29 and Kevlar 49, are
presently used in the skin construction. The fabrics [Eq 47a]
have a plain weave structure with a weight of 7.0
oz/sq yd (0.24 kg/m2) and 10.0 oz/sq yd (0.34 kg/mn), for the 4 l"jcu ft (64 kg/m3) polyurethane foam, and
respectively. Fiber volume fractions along the warp and

. filled directions in the composite ski;m &re both about = [17. + 47.2 (lel-0.02)°, 42 1 sgn(e)
15 percent. Young's moduli of the composite skin
have been determined, both ex;,-nimentally and [Eq 47b1
theoretically, 9 giving values of about 1.35 X 10' psi

(9.31 X 10" Pa) and 2.85 X 106 psi (1.96 X 10"0 Pa)
10 G. J. Fallick. H. J. Bixler, R. A. Marsella, F. F. Garner,

and E. M. Fettes, Modem Mfastics, Volume 45, No. 5 (1968),
9M. W. Wardle, Textile Research Laboratory, E. 1. Dupont pp 143-154; L. E. Nielsen, Mechanical Properties of Polymers

de Nemoars & Company, Wilmington, DE, private communi- and Composites, Volume 2 (Marcel-Dekker Inc., New York,
cation (1979). 1974).
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for the 2 lb/"'i ft (32 kgiin") Ifoam. It should be noted nonlinear detornmation ol a cantilever beam (Figure 15)
that foams are generally anisotropic because gravity for which plastic b.Ihavior of von Mises type is
and restraint el'fects during the foaming process tend to assumed, is chosen here. This problem is attacked by
elongate the loa)am cells in the transverse direction, thre present step-iterative solution scheme. Figure 16
Thus, it is more difficult to collapse the cell structure shows the currently calculated load-deflection curve
in the thickness direction than in the longitudinal and the result obtained Fronm Zienkiewicz..' As is
direction. The curve extends to exhibit lgher elonga- expected, as the collapse load is approached, progress-
tion, and then the stress rapidly increases after the ively large numbers of iterations are required. The two
cell wall has collapsed, which is not shown in the results appear in excellent agreement with each other.
figure. The convergence of solutions for nonlinear problems

depends on the selection of load increments and the
degree of discreti;'.iion (i.e., number of elements).
Figure 17 illustrates graphically the rate of convergence

5 RESULTS AND DISCUSSION of present solutions by plotting the number of ele-
ments vs. the deflection and the curvature at the end
of the center line of the deformed beam. It 7s observed
that an error of about Oi percent in the solution can

The foam-filled fabric/urethane skin composite be achieved by using 18 elements or more in thre pre-
cylinder of length 3L (L = 2 ft [.607 ml) and diameter sent analysis. This example gives important informa-
dtm--dn( = 6 and 12 in. 1152 and 305 mmi]i) subjected tion concerning the discretization of the continuum in
to four-point bending, as shown in Figure 9, is con- the present study. All subsequent analyses for various
sidered. Two kinds of fabric material, i.e., Kevlar 29 kinds of foam-filled composite cylinders use numbers
and Kevlar 41), are used in the skin. The Kevlar fabric/ ot elements which will guarantee an accurate solution
urethane skinm has a thickness of about 0.012 to C.015 within 0.1 percent.
in. (0.3048 to 0.3810 amm). The mechanical properties
are discussed in the previous section. Two kinds of Prediction of Deformation and Local Buckling
low density polyurethane foam (2 and 4 lblcu ft of Various Fabric/Urethane Foamed
132 and 64 kg/nv' ) are used as the core material in Composite Cylinders
the composite construction. The foams have very low The currently established methods are now used to
elastic moduli and deform rapidly into ncnlinear range examine actual deformation of the composite cylinders
(Figure 14). It is found that the Kevlar fabric/urethane under four-point bending. Solu:ions have been
skin bonds very well with the core material. Titus, for obtained for the cases of various combinations of
each composite beain geometry, four di"ferent cases materials and geometrical variables. Figures 18, 24,
are to be studied. In a four-point bending test, the load 29, and 35* give both predicted and experimentally
P increases continuously, and deflection of the conm- observed load-deflection curves of the 12-in. (0.3048-
posite cylinder is recorded. Initial elastic deformation m)-diameter composite beams containing different
of the beam and subsequent local buckling (wrinkling) combinations of fabric/urethane skins and polyure.
of the skin are examined by the methods of analysis thane foams. Figures 37, 39, 43, and 47 provide
described in Chapter 3. Progressive extension of the similar information for the 6-in. (152-mmn)-diantcter
wrinkling portion in a beam section until total failure composite cylinders with various material properties
of the composite by tensile fracture of the skin is and geometric variables. Open circles in the figures
determined quantitatively Ly the nonlinear step- represent experimental data directly determined from
iterative solution scheme mentioned earliei. Analytical the tests. Solid lines indicate the response of the com-
solutions for each case arc compared with experi- posite beams predicted by the present nonlinear
mental results to ensure the validity of the analyzes and analysis with transverse shear deformation and local
to assess the accuracy of the results.

Accuracy and Convergence of Solutions 0. C. Zienkiewicz, The Finite Element Method in
SAccuracy and convergence of present solutions Engineering Science (McGaw-Hill, 1971).

Sobtained from the aforementioned nonlinear analyses *The appearance of nonsequential figure numbers in the

have been examined by solving problems whose solu- text is intentional. The grouping of basic data fiures followed
tions are avaqIable in the literature and by comparing immediately by supporting analytical figures accounts for the
present analytical results with experimental data. The arrangement.
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Figure 16. Deflection at the end of the beam-, vs increasing load.
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Figure 17. Accuracy and convergence of the nonlinear FEM analysis.
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buckling of their skin included in the formulation. predicted load-deflection curves will deviate from the
These figures have shown that the analytical predic- actual experimental results by a significantly large
tions provide accurate results for almost all cases as amount. In fact, it has been observed that if' the shear
compared with the experimental data when the non- deformation is not included, it will not be possible
linear behavior of the core, the shear deformation of to predict the actual response of the composite for
the soft foams, and the local buckling of the Kevlar any of the cases, regardless of whatever other corn.
fabric/urethane skin are properly considered in the plications are included in the formulation.
analysis. The local buckling of the thin composite
skin starts at a rather low load level and has also been Core Stresses and Nonlinear Effects
determined by the analysis. It is observed that the When stresses in the composite cylinder are built
wrinkling load Pb is related to the elastic moduli of tip during !oading, especially after local buckling of the
both the core and the skin materials and that the core skin, the core material starts to pick up more loads
material has a greater effect on the local buckling under increasing external loads. Nonlinear deformation
than that of the composite skin. For example, the in the foamed core section gradually becomes very
wrinkling load for the composite beam of Kevlar 49 significant. The development of core stresses can be
fabric/4 lb/cu ft (64 kg/m3 ) urethane foam is nearly calculated precisely by the present nonlinear solution
twice as much as that of Kevlar 49 fabric/2 lb/cu (32 scheme. Figures 19 through 23, 26 through 28, 30
kg/m 3 ) urethane foam composite. through 34, 40, 41, 42, 44, 45, and 46 present quanti-

tative information of the increasing core stresses from
Effects of Shear Deformation relatively small and linear distributions in the initial

One of the most important problems investigated in stage to highly nonlinear ones in the later stage of
the prese,;t study is the significance of shear deforma- deformation. The nonlinear behavior of the core
tion and its effects on the overall deflection of the affects the total deformation of the cylindrical coin-
composite cylinder. In a four-point bending test, total posite beam, as can be illustrated in the predicted

Sdeflection of the beam may be conceived as composed load-deflection curves for various cases (Figures 18,
of three components, caused by axial stretching, 24, 35, 37, 38, 43, and 47. It is observed that devia-
Sbending, and shear strains. Shear deformation, usually tions of deflection from linearity become increasingly
considered negligibly small in conventional structures, significant so that it would be impossible to obtain an
has been observed to be very appreciable in the foam- accurate prediction of deformation if the ncnlinear
filled composite subjected to transverse loading. "2 This effects of the core are not included in the analysis.
phenomenon becomes increasingly pronounced after
the fabric/urethane skin starts wrinkling. It is Progressive Extension of Wrinkling and
extremely significant in the later stage of the beam Compressive Zones in Composite Sections
deformation, when a large portion of the core section It has been discussed in the previous section that
is strained into the nonlinear range. Present results have when local buckling of the thin Kevlar fabric/urethane
shown that shear deformation in the foam-filled skin starts, the compressive load-bearing area in the
thin skin composite plays an extremely important role skin begins to decrease and the compressive zone in
in governing the overall response of the compotite the core begins to increase so that the equilibrium
structure. The shear effects have to be considered in condition still can hold. As loading continuously
the formulation and analysis of composite cylinders, increases, progressive extension of the wrinkling and
Failure to include the shear deformation in the analysis compression zones continues. The reduction of the
will result in a significant error in the final results. load-bearing domain in the strong skin and the gradual
Figures 18, 24, and 29, for example, give quantitative increase of the compressive loading area in the core
information of the effects of shear deformation. It are tone of the unique features in the deformation and
has been found that shear deformation contributes to failure behavior of the deployed foam-filled composite.
about half'of the total deflection of the cylindrical The direct consequence of the extension of the
composite beams during the entire loading history. damaged and compressive zones causes the simultan-

* If not properly taken into account in the study, the eous shift of the neutral axis y* and the damage
boundary Yb. Thus, y* shifts from its initial state y*

0toy*<0asyb extends from yb =L toYb -
1t2F. H. Wittmann, Stevin Report 10-76-5, Stevin Labora- 2 -

tory for Mechanics, Structures and Materials, Delft University when o(f) > ob. Both y* and yi, move downward
of Technology, The Netherlands, 1976. during the extension of the buckling and compression
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zones. The amounts of their extension depend on E(8), predictcd accurately using the present method of
E(') and G(r), and onI the nonlinear deformation of analysis. These results have been confirmed byexper.-
the core nmaterial which can be determined exactly mental data.
from the present analysis. Figures 19, 21, 25, 30,
36, 38, 44, and 48 give quantitative information of 3. Transverse shear effects, usually considered to be
the distances for both y* and yi, during the entire negligibly snmall in conventional structural members,
loading history. In general, it has been obser' A that are shown to play an extremely important role in Ahe' h

the extension of Yb is much larger than thal of y*. overall deformation of the composite anid the loc.i& A
For example, the shift of Yb in a Kevlar 49 fabric/ failure of the skin. They shuuld be incorporated int"
4 lb/cu ft (64 k/m 3 ) polyurethane foam has a value the formulation to provide an accurate analysis and
about half of the diameter of the beam, while y* prediction. .

shifts only less than one tenth of the cylinder diameter,
when P = 2000 lb (909 kg). 4. Local buckling (or wrinkling) of the load-tearing

composite skin is found to occur at a very low loading
Additional Remarks level and to initiate nonlinear deformation of the

While the present analyses provide accurate means composite in the present four-point bending of the
of predicting nonlinear deformation and local buckling composite cylinder.
of composite cylinders subjectcd to four-point bend-
ing, several material and geometric complexities have 5. The nonlinear constitutive relationship of the
not been considered. These may include the anisotropy core material has been observed to significantly affect
of the foams and fabrics, the heterogeneity of the core the deformation and local failure of the composite.
material and the fabric/urethane composite skin, and This is especially true at the later stage of composite
the geometric nonlinearity caused by large strains deformation.
developed in the core. Excessive creep of the foamed
core under sustained loading has also been noticed, but 6. Progressive extension of the failure zone in the
is not included in the present study. Effects of these skin causes continuous redistribution of internal
complexities on deformation and failure behavior of stresses in the composite. Direct consequences of this
the composites have not yet been fully explored, progressive failure are manifested by the reduction of
Further investigation in these areas should be of the load-bearing cross-sectional area of the skin and the
significant assistance in a better understanding of the progressive extenrion of the compressive domain in
fundamental behavior of the material and will enhance the core, which, in many cases, are so significant that
the current capacity of analyzing and predicting more the neutral plane is shifted almost to the lower skin.
complicated foam-filled composite structure problems.

Based on the experimentally observed and analyti-
cally predicted performance, it is recommended that:

• ~6 CONCLUSIONS A[ ;D

RECOM6MENDAT.ONS 1. The high-strength fabric/foam composite system
be used as a load-bearing element in a certain class of,
structures.

Based on the analytical formulation developed in
Chapter 3 and the results obtained in Chapter 5, the 2. The currently developed analytical method for
following conclusions may be drawn: predicting the nonlinear deformation and progressive

failure of the composite be used in the analysis and
1. An efficient and accurate method of analysis, design of the composite structural elements.

formulated by the nonlinear finite element method
and local elastic stability theory, has been developed 3. The foam-fabric composite material identified
successfully for studying the high-strength fabric/ in this study be investigated further to resolve such
foam composite. features as ideal section design, foam density, and

fabric design. The composite appears to offer an

2. Deformation of the cylindrical composite struc- excellent means of constructing low design load
tural element and progressive local failure behavior structures but further study is needed in joint design,
of the load-bearing skin in the composites with various fastening performance, and component processing

high-strength fabric materials and core foams can be techniques.
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Figure 20. Distribution of a, in the core of a Figure 22. Distribution of u. in the core of a
composite cross section at z =o, P composite cross section at z = 0,
=1200 lb (Kevlar 49 fabric/urethane P= 2000 lb (907 kg) (Keviar 49

skin and B-F foam; d 12 in.). fabric/urethane skin and B-F foam:
*d 12 in. [305 mm]I).
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Figure 21. Distribution of a,, in the core of a Figure 23. Distribution of a, in the core of a
composite cfoss section at z = 0, composite cross section at z = 0,

P 60lb (725 kg) (Keviar 49 P = 2400 lb ( -S kg) (Kevlar 49fbi/rtaeskin and B-F foam; fabric/urethane skin and B-F foam;
d 12In. 1305 mm]). d 12 in. 1305 mm]).
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Figure 24. Deflection of the central plane (at z = 0) in deployable composite cylinder
subjected to continuously increasing load (Kevlar 49 fabric/urethane skin
and A-F foam; d = 12 in. [305 mm]).
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Figure 25. Extension of local failure zone and shift of neutral axis in the composite
section at z = 0 (Kevlar 49 fabric/urethane skin and A-F foam; d = 12 in.
[305 mm]).
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Figure 29. Deflection of central plane (at z = 0) in deployable composite cylinder
subjected to continuously increasing load (Kevlar 29 fabric/urethane skin
and B-F foam; d= 12 in. [305 mm]).
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Figure 30. Extension of failure zone in skin and shift of neutral axis in a
composite section at z = 0 (Kevlar 29 fabric/urethane skin and
B-F foam; d 12 in. 1305 mm]).
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Figure 31. Distribution of oa in the core of a Figure 33. Distribution of oa in the core of a
composite cross section at z = 0, composits. cross section at z = 0,
P = 800 lb (362 kg) (Kevlar 29 P = 1600 lb (725 kg) (Kevlar 29
fabric/urcthane skin and B-F foam; fabric/urethane skin and B-F foam;
d = 12 in. [305 ram]). d 12 in. [305 mm]).
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Figure 32. Distribution of a, in the core of a Figure 34. Distribution of a, in the core of a
composite cross section at z = 0, composite cross section at z = 0,
P = 1200 lb (544 kg) (Kevlar 29 P = 2000 lb (907 kg) (Kevlar 29
fabric/urethane skin and B-F foam; ,fabric/urethane skin and B-F foam;
d 12 in. [305 mimi). d= 1? in. [305 mm]).
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Figure 35. Deflection of central plane (at z = 0) in deployable composite cylinder
subjected to continuously increasing load (Kevlar 29 fabric/urethane skin
and A-F foam; d= 12 in. [305 mmn).
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Figure 36. Extension of failur zome in skin and shiftof neutral axis in a composite section at
z = 0 (Kevlar 29 fabric/urethane skin and
A-F foam" d = 12 in. 1305 mini).
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Fieum 37. Deflection of central plane (at z = 0) in deployable composite cylinder .
subjected to continuously increasing load (Kevlar 49 fabric/urethane skn
and B-F foam; d =6 in. [152 ram]).
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Figure 39. Deflection of central plane (at z = 0) in deployable composite cylinder

subjected to continuously increasing load (Kevlar 49 fabric/urethane skin
and A-F foam; d 6in. [152 mm]).
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Figure 40. Extension of failure zone in skin and shift of neutral axis in a composite
section at z = 0 (Kevlar 49 fabric/urethane skin and A-F foam; d: 6 in.

.7 152 mm]). 3
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Figure 41. Distribution of oa in the core of a
composite cross section at z = 0,
P - 60 lb (27 kg) (Kevlar 49 fabric/
urethane skin and A-F foam; d = 6 in.
1152 mm]).
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Figure 42. Distribution of a. in the core of a
composite cross section at z = 0,
P = 100lb (45kg) (Keviar 49
fabric/urethane skin and ATF foam,
d 6n)n. -- -•52 -m )
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Figure 43. Deflection of central plant (at z = 0) in deployable composite cylinder
subjected to continuously increasing load (Kevlar 29 fabric/ Lre thlan skin
and 13-F f'oam; d 6 in. 115 2 irnD.
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Figure 44. Extension of failure zone in skin and shift of neutral axis in a~ composite
cross, section at z 0 (Kevlar 29 fabric/urethane skin and B-F foam; d 6 in.
[152 mm]).
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Figure 4S. Distribution of a, in the core of a
composite cross section at z =0,
P = 150 lb (68 kg) (Keviar 29 fabric/
urethane skin and B-F foam; d=
6 in. [152 mm])
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Figure 46. Distribution of a, in the core of a
composite cross section at z = 0,
P =250 lb (113 kg) (Keviar 29
fabric/urethane skin and B-F foam;

d 6In. [152nimJ)T
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Figure 47. Aiection of central plane (at z = 0) in deployable composite cylinder
subjected to continuously increasing load (Kevlar 29 fabric/urethane skin
and A-F foam; d 6in. 1,152 mm1).
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.~. Figure 48. Extension of failure zone in skin and shift of neutral axis in a composite

cross section at z 0 (Kevlar 29 fabric/urethane skin and A-F foam; d 6 in.
-Y1152 min)]4
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A ~APPENDIX'
ELEMENT STIFFNESS MATRIX
k OF THE BEAM

k 1  C/ 2 k3 6 = (6t -4)(6 - 12t) C2 2 /Q3

k1 =(12t -6) C, /R 3  k3 7 = (6t -2)(6t -4) C72I
k1 2 Q k38  =- (6t -4) C2 2 /ý2
k l 3 '- C- ( - ) C k4  C2 /Q2  +(I _ )2 C33

k 15 = _ C, I pJQ2  k4 5 =C12 /Q2  Q
LI~C k1 ~1~6C 2 /V3  k4 6 = (6 - 12t) C2 IQ

kl 6= (1t-(6-2)CI 2  k4 7 = (6t -2)C 2 2I/ 2 2

k,8 =C12I/Q2  k48 = -C22 /k2 + C33 t (1 0~
k2 =(I 2,t-6I 2 C22I/94  kss C, IfQ2 C2Q

k 2 = ) C 2 R3kS 6 = (6 - 12t)CIQ
k2(2~6(~-) 2/q

3  ks 7 (=6Q-2)C,2/Qk2, = (12t -6) C~2I2Q/
k2 5 =(12t-6) C, 2 /2 3  k58 - C 1 2 2

k2  -(-I2 / C 2 q4  k6 6 =(6 - 12t)2 C22 /V
4

k26c 6 =-(6- 12)2)C22I /3

k 2 7= (I 2t- 6)C6 -2 ) 2/-(tQ2)C 2

k34 (6t - 4)C22 /V
2  k7,8 =-(6t-2)C22IQ 2

k35 (6t-4) C 22I 2  kos =C22 /Q2 + t C33
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